A soft actuator is expected to be applied in the next generation of robotics. This study focuses on soft gel actuators hybridized with nanosheet liquid crystals. The resulting soft actuator has a highly hydrophilic property, and is suitable for underwater use. When the gel in water is heated to more than the transition temperature, the gel contracts; conversely, it swells when it is cooled. This gel actuator remarkably has an anisotropic contraction characteristic because the orientation of the nanosheets is uniformly arranged. However, little is known about its dynamic characteristics of the thermal contraction. As a basic analysis, this paper investigates the heating step response through experiments, and reveals the variation of the time constant against the dimensions.
Introduction
A soft actuator has attracted attention as a part of scientific research in innovative areas [1] [2] [3] [4] ; it is expected to be applied to the next generation of robotics [5, 6] . This study focuses on soft gel actuators hybridized with nanosheet liquid crystals, and aims to apply the results to robotics. As shown in Fig.  1 , the gel actuator is made of poly N-isopropylacrylamide hydrogel, which consists of nanosheet liquid crystals (fluoro-hectorite), methylene-bisacrylamide, and water. Because the contained water approximately accounts for 90% of the gel, the gel actuator has a highly hydrophilic property and is suitable for underwater use. As shown in Fig. 2 , when the gel in water is heated to more than the transition temperature (approximately 34 [deg C]) [7] , the water molecules inside the gel are moved outside; the gel contracts. Conversely, when it is cooled, the surrounding water molecules are absorbed into the gel; the gel swells. Such thermal characteristics can be generally observed in other previous gel actuators that have the isotropic deformation. However, this gel actuator remarkably has an anisotropic contraction characteristic because the orientation of the nanosheets is uniformly arranged; for example, as shown in Fig. 2 , the horizontal arrangement of the nanosheet orientation enables the contraction in the vertical direction to be larger than in the horizontal direction [8] .
In the previous paper [9] , the authors' research group experimentally clarified the static characteristic of thermal contraction for the gel actuator and demonstrated length control based on the static thermal characteristic. However, little is known about the dynamic characteristics of the thermal contraction for this gel actuator.
In this paper, as a basic analysis, the heating step response is investigated through experiments, and the variation in the time constant against the dimensions is revealed. The second section illustrates the experimental setup for the measurement of the heating step response; in the third section, the experimental results are demonstrated. The paper's results are summarized in the last section, which contains the conclusions.
Experimental Setup
To measure the heating step response, we built the experimental setup as shown in Fig. 3 . The experimental setup consisted of a water tank, a stirrer, a digital camera, a heater, and a gel holder. The water tank had sufficient hot water that was heated by the heater and stirred by the stirrer to uniformly keep the water temperature at approximately 76 [deg C]. The gel holder played the role fixing a test piece of the gel actuator, which was allowed to freely fall into the hot water along guide rails quickly. The gel holder consisted of two sheets and a restraint device; in the right column of Fig. 3 , parts (a) and (b) show the aspects when the sheets open and close. Each sheet had four square-opening-spaces in which the surrounding hot water could smoothly pass through into a test piece. The restrained device in the holder prevented a test piece from dynamically float-moving, but its thickness was larger than a test piece in such a way that there were gaps between the piece and the sheets. In the experiment, after the free-fall of the holder, the time variation of the test piece contraction was measured by the use of an external digital camera.
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Nanomechanics and Nanomaterials: Advance and Application For this experiment, we prepared six types of feature sizes (A-F) for the test pieces of the gel actuator, as shown in Table 1 . The test pieces were thin squares and had anisotropic contraction; the orientation of the nanosheets was uniformly arranged by the use of an electric-field. By the uniform arrangement of the nanosheets, the contraction was larger in the vertical direction. The shape of a test piece, the vertical length and horizontal length, were measured with the use of OpenCV through camera-shoot data; however, the thickness was not measured. The test pieces were red-colored for the image processing of OpenCV. When accounting for the individual differences, three pieces were prepared for each feature size. Then, three measurements of the heating step response were made for each test piece; therefore, nine measurements were made for each size. To measure the heating step response, first, a test peace at room temperature (approximately 20 [deg C]) was set in the holder as the large contraction pointed to the vertical direction, and then, the holder with a test piece was free-dropped from the initial position. In this experiment, when the holder reached the bottom of the water tank, the measurement started when the time was zero (t=0 [s]); the total measurement time was 600 [s]. The falling gel took a brief period to reach the bottom from contacting the surface of the water over the tank; the test piece was contracted even while it was falling into the water. However, it is assumed that the contraction while falling into the water is ignorable because the time constant of the test pieces is sufficiently high. 
Experimental Results
The step response of sizes A and F are shown in Fig. 4 as typical examples. The vertical scale shows the contraction ratio; the red lines mean the average variation of three pieces in the vertical direction; and the blue lines mean the variation in the horizontal direction. As a result, it is found that the vertical contraction is larger than the horizontal direction, and that the step response behaves similar to a first-order lag element. Therefore, in this paper, the gel actuator is assumed to be a first-order lag system, described as in Eq. (1), although the dynamic model of the gel actuator has not been clear in detail up to this point.
where y(t) is the resultant contraction ratio; is the gain constant; and is the time constant. The least-squares-approximated curves using Eq. (1) are drawn as blue and red narrow lines in Fig. 4 . In this paper, the response characteristic of the gel actuator is evaluated by use of the values of the time constant . In the figure, the red lines mean the vertical time constant, and the blue lines mean the horizontal times constant. From Fig. 5 , it is apparent that the time constant in the vertical direction decreases with a decrease in the planar dimension; thus a smaller planar dimension makes the constriction faster. However, the relative nature of their specific surface areas is not clearly observed in this experiment.
Conclusions
This paper investigated the heating step response of a soft gel actuator that is hybridized with nanosheet liquid crystals through experiments. The experimental results showed that the gel actuator can be regarded as a first-order lag system and demonstrated that the value of the time constant tends to be smaller when the planar dimension is smaller; specifically, a smaller planar dimension makes the constriction faster. However, the relative nature of their specific surface areas was not clearly observed. In this paper, the step response was investigated only for heating; however, this property is different between heating and cooling. Therefore, the investigation of the cooling step response is also very important. Furthermore, the clarification of the frequency characteristics with heating and cooling will be the subject of a future study.
